OBJECTIVE -The accurate quantification of human diabetic neuropathy is important to define at-risk patients, anticipate deterioration, and assess new therapies.
CONCLUSIONS -CCM is a noninvasive clinical technique that may be used to detect early nerve damage and stratify diabetic patients with increasing neuropathic severity.
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E stablished diabetic neuropathy leads to pain and foot ulceration. Detecting neuropathy early may allow intervention with treatments to slow or reverse this condition (1). Recent studies suggested that small unmyelinated Cfibers are damaged early in diabetic neuropathy (2-4) but can only be detected using invasive procedures such as sural nerve biopsy (4,5) or skin-punch biopsy (6 -8) . Our studies have shown that corneal confocal microscopy (CCM) can identify early small nerve fiber damage and accurately quantify the severity of diabetic neuropathy (9 -11) . We have also shown that CCM relates to intraepidermal nerve fiber loss (12) and a reduction in corneal sensitivity (13) and detects early nerve fiber regeneration after pancreas transplantation (14) . Recently we have also shown that CCM detects nerve fiber damage in patients with Fabry disease (15) and idiopathic small fiber neuropathy (16) when results of electrophysiology tests and quantitative sensory testing (QST) are normal.
In this study we assessed corneal sensitivity and corneal nerve morphology using CCM in diabetic patients stratified for the severity of diabetic neuropathy using neurological evaluation, electrophysiology tests, and QST. This enabled us to compare CCM and corneal esthesiometry with established tests of diabetic neuropathy and define their sensitivity and specificity to detect diabetic patients with early neuropathy and those at risk of foot ulceration.
RESEARCH DESIGN AND
METHODS -A total of 101 diabetic patients and 17 nondiabetic healthy volunteers participated in the study. Patients were excluded if they had another cause of neuropathy, had absent pedal pulses, wore contact lenses, or had a history of corneal trauma or surgery. The protocol was approved by the local research ethics committee of the Greater Manchester Health Authority, and all subjects gave written informed consent.
Evaluation of neuropathic severity
The neuropathy deficit score (NDS) was established by neurological examination and the severity of neuropathy was determined: NDS 0 -2, no neuropathy; NDS 3-5, mild neuropathy; NDS, 6 -8, moderate neuropathy; and NDS, 9 -10, severe neuropathy (17, 18) . QST included assessment of vibration perception threshold (VPT), using a neurothesiometer (Horwell Scientific Laboratory Supplies, Wilford, Nottingham, U.K.); heat as pain thresholds (C-fibers); and cooling detection thresholds (A-␦ fibers) using a CASE IV system (WR Medical Electronics, Stillwater, MN) with the thresholds for abnormality set at the 95th percentile. The DANTEC Keypoint electromyography system (software version 1.4) was used to quantify sural sensory and peroneal motor nerve conduction velocity and amplitude in all subjects.
Corneal sensitivity
Corneal sensitivity was assessed using a noncontact corneal aesthesiometer
From the 1 Division of Cardiovascular Medicine, University of Manchester and Central Manchester Foundation Trust, Manchester, U.K.; the(NCCA), which uses a puff of air on the center of the cornea, lasting 0.9 s and exerting a force expressed in millibars (13) . The coefficient of variation for NCCA is 5.6%.
CCM
One eye of each subject was selected at random and examined with a Tomey ConfoScan model P4 using previously described methodology (10, 12) . Three to five high-quality images of the sub-basal nerve plexus from the center of the cornea were assessed from each diabetic patient and control subject in a randomized masked fashion.
Three parameters were quantified (9,10,12): corneal nerve fiber density (NFD), the total number of major nerves per square millimeter; nerve fiber length (NFL), the total length of all nerve fibers and branches (millimeters per square millimeter); and nerve branch density (NBD), the number of branches emanating from major nerve trunks per square millimeter.
Statistical methods SPSS (version 11.05.0) was used to compute the results. Data are presented as means Ϯ SEM. The data were not normally distributed; hence, ANOVA with Scheffé post hoc tests were used to establish differences among the five (control, none, mild, moderate, and severe diabetic neuropathy) groups. The Pearson coefficient test was used to analyze correlations between variables. Receiver operating characteristic (ROC) curve analysis established the area under the curve (AUC) to determine the optimal threshold, sensitivity, and specificity values to estimate precision for NFD, NBD, NFL, and NCCA in defining the presence of neuropathy (NDS Ͼ3) and risk of foot ulceration (NDS Ͼ6). The ROC curves were used to compare the four tests and to define the optimum cutoff points, whereby sensitivity and specificity were equally weighted.
RESULTS -A total of 101 diabetic patients aged 58 Ϯ 2.0 years and 17 agematched (55 Ϯ 4.8 years) control subjects were studied (Table 1) . Diabetic patients were stratified according to NDS: none (1.4 Ϯ 0.1, n ϭ 34), mild (3.8 Ϯ 0.1, n ϭ 37), moderate (6.5 Ϯ 0.1, n ϭ 16), and severe (9.7 Ϯ 0.1, n ϭ 14). Age, duration of diabetes, and A1C did not differ among groups. and there was no correlation between NDS and A1C (r ϭ 0.098, P ϭ 0.36).
Peroneal and sural nerve conduction velocities did not differ in patients without neuropathy but were significantly reduced in those with mild (P Ͻ 0.001 and P Ͻ 0.05), moderate (P Ͻ 0.001 and P Ͻ 0.01), and severe (P Ͻ 0.001 and P Ͻ 0.001) neuropathy. Likewise, sural nerve amplitude did not differ in diabetic patients without neuropathy but was significantly reduced in those with mild, moderate, and severe (P Ͻ 0.001) neuropathy. Peroneal nerve amplitude was significantly reduced in diabetic patients without (P Ͻ 0.05) and with mild, moderate, and severe (P Ͻ 0.001) neuropathy.
VPT increased significantly with severity of neuropathy (P Ͻ 0.0001) but did not differ in patients without neuropathy (P ϭ 1.0) and was only significant in those with mild (P ϭ 0.01), moderate (P Ͻ 0.0001), and severe (P Ͻ 0.0001) neuropathy. Cold detection threshold was significantly increased in those with mild (P ϭ 0.01), moderate (P Ͻ 0.0001), and severe (P Ͻ 0.0001) neuropathy. Heat pain perception thresholds increased significantly with increasing neuropathic severity (P Ͻ 0.05).
Corneal sensitivity decreased in diabetic patients compared with that in control subjects (P Ͻ 0.0001). However, this was significant only in patients with severe neuropathy (P Ͻ 0.001) ( Table 1) .
Qualitatively there was a reduction in nerve fiber and branch density in diabetic patients compared with that in control subjects (Fig. 1) . Intraindividual variability was established by repeating CCM in 15 subjects on two occasions, and the coefficient of variation was 12% for NFD, 9% for NFL, and 24% for NBD. Corneal nerve fiber density (P Ͻ 0.0001), branch density (P Ͻ 0.0001). and length (P Ͻ 0.0001) were significantly and progressively reduced in diabetic patients (Table 1, Fig. 2 ). NFD was significantly reduced in diabetic patients with no (P Ͻ 0.02), mild (P Ͻ 0.001), moderate (P Ͻ 0.0001), and severe (P Ͻ 0.0001) neuropathy compared with that in control subjects ( Fig. 2A) . Similarly, NBD was significantly reduced in diabetic patients with no (P Ͻ 0.03), mild (P Ͻ 0.001), moderate (P Ͻ 0.0001), and severe (P Ͻ 0.0001) neuropathy compared with that in control subjects (Fig. 2B) . NFL was reduced in diabetic patients with no (P ϭ 0.07), mild (P Ͻ 0.0001), moderate (P Ͻ 0.0001), and severe (P Ͻ 0.0001) neuropathy compared with that in control subjects (Fig. 2C) . NDS correlated significantly with corneal sensitivity (r ϭ 0.44, P ϭ 0.0001), NFD (r ϭ Ϫ0.44, P Ͻ 0.0001), NBD (r ϭ Ϫ0.44, P Ͻ 0.0001), and NFL (r ϭ Ϫ0.57, P Ͻ 0.0001). According to the heat pain threshold (HPT), patients were classified into four groups: normal (percentile 0 -25); mild (percentile 26 -50); moderate (percentile 51-75), and severe (percentile 76 -100) neuropathy (Table 2) . NCCA increased and NFD decreased with increasing HPTs but were not significant. However, NBD and NFL demonstrated a progressive reduction with worsening HPT (P ϭ 0.01).
CCM sensitivity and specificity (Table 3) According to the ROC curves (Fig. 3) for the three CCM parameters for NDS Ͼ3, AUC was 0.76 for NFD, 0.79 for NBD, and 0.84 for NFL and for NDS Ͼ6 AUC was 0.76 for NFD, 0.79 for NBD, and 0.81 for NFL. Because the ROC curve (Fig. 3A) for NFL was greater than those for the other two variables, it is considered to be the better test for diagnosing diabetic neuropathy, although for high values of specificity NFD and NBD may be considered better tests. For those at risk of foot ulceration, the ROC curves for the three CCM parameters (Fig. 3B ) are more comparable, although NFL has a higher specificity than the other tests. For the diagnosis of neuropathy, the sensitivity and specificity were, respectively, 82 and 52% for NFD, 91 and 45% for NBD, 64 and 79% for NFL, and 60 and 61% for NCAA. For detecting those at risk of foot ulceration the sensitivity and specificity were 71 and 64% for NFD, 71 and 71% for NBD, 64 and 71% for NFL, and 23 and 89% for NCCA.
CONCLUSIONS -It is important to detect nerve damage at the earliest stage of diabetic neuropathy as intervention at this stage with improved glycemic control (Diabetes Control and Complications Trial) (19) or improvement of other risk factors (20, 21) may prevent nerve degeneration or promote regeneration. Although diabetic patients with established neuropathy have increased vibration and thermal perception and decreased nerve conduction velocity, and early detection of neuropathy is difficult (22) . Recent studies show significant intraepidermal nerve fiber (IENF) loss in skin biopsies, despite normal results for electrophysiology tests and QST (2,3), suggesting that IENF assessment may be important in the early diagnosis of neuropathy (23) . However, because skin biopsy is an invasive procedure, in this study we assessed the utility of two novel noninvasive measures of neuropathy, namely corneal esthesiometry and corneal confocal microscopy.
An early study of type 1 diabetic patients demonstrated a reduction in corneal sensitivity and the number of corneal nerve fiber bundles, which correlated significantly with the severity of neuropathy (24) . We have previously demonstrated a significant reduction in corneal sensitivity using two independent measures and both correlated with neuropathic severity (13) . Our studies (9,10) using CCM demonstrated corneal nerve fiber abnormalities, which were related to the severity of somatic neuropathy. More recently, we have shown that CCM reflects IENF loss in skin biopsies from the dorsum of the foot in diabetic patients (12) and may also show nerve repair after pancreas transplantation (14) . Furthermore, we have recently demonstrated that CCM detects small fiber damage in patients with Fabry disease (15) and idiopathic small fiber neuropathy (16) , indicating that CCM is a direct surrogate of peripheral neuropathy. We now demonstrate a progressive reduction in corneal sensitivity and increasing corneal nerve degeneration with increasing severity of diabetic neuropathy. Importantly, corneal nerve fiber damage was present in patients deemed to have no evidence of neuropathy based on neurological evaluation, QST, and neurophysiology tests, consistent with the recent studies showing IENF loss in diabetic patients without neuropathy (2,3). We also establish for the first time that corneal esthesiometry and CCM have reasonable sensitivity and specificity to detect diabetic patients with minimal neuropathy and those at risk of foot ulceration. A limitation of this study is that the data are derived from a cross-sectional study. Ideally a longitudinal study would provide more robust data regarding the ability of CCM to identify patients at risk of developing neuropathy.
Ideally, a test for detecting neuropathy in the early stages should be noninvasive and quantitative and detect changes with time or in response to therapeutic interventions (2). CCM seems to fulfill these attributes, especially because it is noninvasive, directly quantifies small fiber pathology, and stratifies neuropathic severity. CCM may therefore be an ideal surrogate marker for early diagnosis, stratification of severity, and assessment of therapeutic efficacy of new treatments in human diabetic neuropathy.
